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Abstract

Improved knowledge of the interactions between plants and insects will facilitate better insect control in crops.
Brassinosteroids (BRs) play a vital role in plant growth, developmental processes, and responses to pathogen infec-
tion, but the role of BRs in interactions between plants and insects remain largely unknown. In this study, we charac-
terized a negative role of BRs in rice defense against brown planthopper (BPH, Nilaparvata lugens) and examined its
underlying mechanisms. We found that BPH infestation suppressed the BR pathway while successively activating the
salicylic acid (SA) and jasmonic acid (JA) pathways. In addition, BR-overproducing mutants and plants treated with
24-epibrassinolide (BL) showed increased susceptibility to BPH, whereas BR-deficient mutants were more resistant
than the wild-type. BRs down-regulated the expression of genes related to the SA pathway and reduced SA content
while genes related to the JA pathway were up-regulated and JA content increased after BPH infestation. Furthermore,
BR-mediated suppression of the SA pathway was impaired both in JA-deficient and JA-insensitive mutants. Our
results demonstrate that BRs promote the susceptibility of rice plants to BPH by modulating the SA and JA pathways.

Keywords: Brassinosteroids (BRs), jasmonic acid (JA), Nilaparvata lugens (BPH), Oryza sativa (rice), salicylic acid (SA).

Introduction

Rice (Oryza sativa L.) is one of the most important staple foods,
feeding over half of the world population. Insect pests are a
major threat to rice production. The brown planthopper (BPH;
Homoptera: Delphacidae) is a typical phloem-sucking herbi-
vore and is one of the most serious and destructive insect pests
in rice-growing areas (Normile, 2008). As well as causing direct

damage, it also indirectly affects plants by transmitting viruses,
including the rice ragged stunt virus and the grassy stunt virus
(Liu et al., 2015). The most economical and efficient strategy
to control BPH is host resistance (Jena et al., 2006). Although
at least eight BPH-resistance genes have been cloned, knowl-
edge of the underlying molecular mechanisms of plant—-BPH
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interactions is still limited (Du et al., 2009; Liu et al., 2015;
Tamura et al.,2014; Wang et al.,2015b; Ji et al., 2016; Ren et al.,
2016; Zhao et al.,2016; Guo et al.,2018).

Previous studies have indicated that interactions between
plants and phloem-sucking herbivores share similar mechanisms
to plant—pathogen interactions. For example, the BPH resistance
locus Bph3 in rice is a cluster of three genes encoding plasma
membrane-localized lectin receptor kinases (LecRKSs) that are
considered to be potential cell-surface receptors that prime
pattern-triggered immunity (PTI) responses (Liu et al., 2015).
Furthermore, Bph9, Bph14, Bph18, and Bph26 as well as the
aphid-resistance gene Mi1.2 have been categorized as genes that
produce the coiled-coil nucleotide-binding site and leucine-rich
repeat motif proteins (CC-NB-LRR) that are known to medi-
ate resistance through direct or indirect recognition of pathogen
effectors in rice (Rossi et al., 1998; Du et al., 2009; Tamura ef al.,
2014;Ji et al., 2016; Liu and Wang, 2016; Zhao et al., 2016).

Salicylic acid (SA) is a small-molecule plant hormone that plays
a vital role in plant innate immunity against pathogens, and sev-
eral studies have shown that it is involved in resistance to phloem-
feeding insects. For example, aphid infestation can induce SA
accumulation and increase the activity of phenylalanine ammo-
nia-lyase (PAL), a key enzyme in SA biosynthesis in wheat and
barley (Mohase and van der Westhuizen, 2002; Chaman et al.,
2003). The SA pathway has been reported as participating in
Bph9-, Bph14-,and Bph29-mediated BPH resistance in rice, with
the SA content accumulating after BPH infestation (Du et al.,
2009; Zhou et al., 2009;Ye et al., 2012; Wang et al., 2015b; Zhao
et al., 2016). These findings indicate that SA plays an important
role in plant defense response to sap-sucking herbivores.

Jasmonic acid (JA) is synthesized from linolenic acid through
the action of several enzymes in plant chloroplast membranes,
and current evidence indicates that it induces resistance against
necrotrophic pathogens and chewing herbivores (Wasternack
and Hause, 2013). Antagonistic interactions between SA and JA
are well documented (Aljbory and Chen, 2018). Several stud-
ies have demonstrated SA-mediated suppression of JA through
the action of the NONEXPRESSOR OF PATHOGENESIS-
RELATED PROTEINS1 (NPR1), MYB44,and IWRKY70 genes
in Arabidopsis (Spoel ef al.,2003; Li et al.,2004; Shim et al.,2013).
Other studies have shown that JA can inhibit SA through the JAZ
and MYC2 genes in Arabidopsis (Chen ef al., 2009; Lorenzo et al.,
2004). Both the SA and JA pathways in rice have been shown
to be induced by BPH feeding (Du et al., 2009;Ye et al., 2012;
Zhao et al.,2016). However, SA content and BPH resistance were
significantly increased when expression of 13-lipoxygenase, OsHI-
LOX, a JA biosynthesis-related gene was silenced (Zhou et al.,
2009). Hence, the relationship between SA and JA in the immu-
nity response to BPH seems ambiguous, or paradoxical in at least
some instances, and needs to be further investigated.

Brassinosteroids (BRs) are a class of steroid phytohormones
that regulate many aspects of plant growth and development
(Tong and Chu, 2012; Zhu et al., 2015; Feng et al., 2016; Wu
et al., 2016). Many studies have shown that BRs function as
negative regulators of innate immunity in plants (Albrecht et al.,
2012; Belkhadir ef al., 2012; De Vleesschauwer et al., 2012; Nahar
et al., 2013; He et al., 2017). Interactions between BRs and SA
have been reported in the disease-resistance response in rice (De

Vleesschauwer et al., 2012), and it has been found that the sus-
ceptibility mediated by BRs is also suppressed by the JA pathway
(Nahar et al., 2013; He et al., 2017). In contrast to the relative
wealth of understanding of the functions of BRs in the interac-
tions of plants and pathogens, little information is available about
the role of BRs in defense against herbivores, especially with
regard to phloem-sucking herbivores in monocots.

To better understand the mechanisms of rice—=BPH interactions,
we investigated the effects of BPH infestation on the BR path-
way. We found that it was significantly inhibited by infestation and
that two BR-overproducing mutants showed higher susceptibility
to BPH than the wild-type. In contrast, BR-deficient plants dis-
played increased resistance. Further investigation showed that the
role of BRs in promoting BPH susceptibility might be mediated
by suppressing SA-mediated defense. In addition, BR-mediated
suppression of SA depended on the JA pathway. Based on our
results, we propose that BRs mediate susceptibility to BPH in rice
by modulating the SA and JA pathways.

Materials and methods

Plant materials and growth conditions

The rice lines (Oryza sativa L.) used in this work included m 107, slg-D, Nah G,
lhdd10, c0i1-18, og1, and Zhonghua 11. m107 and NahG were kindly pro-
vided by Professor Chencai Chu (Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences, Beijing) (Tang et al.,2011;Tong et al.,
2012). Both m107 and slg-D are dominant mutants that overproduce BRs
(Wan et al., 2009; Feng et al., 2016). NahG is a SA-deficient transgenic line
heterologously expressing the bacterial salicylate hydroxylase gene. coi1-18 is
a JA-insensitive mutant kindly provided by Professor DongleiYang (Nanjing
Agricultural University, Nanjing) (Yang et al., 2012). The wild-type (WT)
of ci1-18,m107, and NahG is the variety Nipponbare, whereas the variety
Dongjin is the WT of slg-D. og1 is a JA-deficient mutant with a mutation in
the JA biosynthesis-related gene OPDA-reductase7 (OsOPR?7) and lhdd10 is
a BR-deficient mutant that has a brd2 allele (Liu et al.,2016; Li et al., 2018).
Both og1 and [hdd10 have 9311 as the WT. All plants were cultivated in an
experimental field at Nanjing under natural long-day conditions.

Maintenance of the brown planthopper

A colony of BPH, collected from rice fields in Nanjing, was maintained
on the BPH-susceptible variety Taichung Native 1 (TN1) in a green-
house (16/8 h light/dark, 26-28 °C, 60% relative humidity).

Evaluation of rice mortality in response to BPH

A bulk seedling test was conducted to evaluate the response of plants
to BPH as previously described by Wu et al (2014). Seeds were pre-ger-
minated to ensure that the seedlings were at the same growth stage for
infestation. Approximately 30 seedlings were grown in 10-cm diameter
plastic pots. When the seedlings were at the second-leaf stage, they were
thinned to 25 plants per pot and infested with 2nd- to 3rd-instar BPH
nymphs at a density of 10 insects per seedling. When the mortality rate
of the susceptible control plants had reached 90%, the mortalities of the
other cultivars and lines were recorded. At least three replicates were used
for each cultivar and line.

BPH preference test

One seed each of the WT and mutant was sown in a 10-cm diameter pot.
When they were at the third-leaf stage, the plants in each pot were infested
with 15 BPH nymphs (2nd- to 3rd-instar) and placed within plastic cages.The
number of BPHs on each variety was recorded at 6, 12, 24, and 48 h post-
infestation. The experiments were repeated 10 times.
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BPH survival rate test

BPH survival rate tests were performed as previously described with
minor modifications (Zhou et al., 2009). Pots containing one plant at
the fourth-leaf stage were individually covered with plastic cages (diam-
eter 6 cm, height 9 cm) into which 15 newly hatched BPH nymphs
were released. The number of surviving BPH nymphs on each plant was
recorded at 2, 4, 6, and 8 d after the introduction of the nymphs. The
experiment was repeated eight times.

Hormone treatments

24-epibrassinolide (BL) and SA (Sigma, USA) were dissolved in ethanol
and diluted into the concentrations required for use. An equivalent amount
of ethanol was used for control treatments. In experiments evaluating the
effects of BL and SA on seedling mortality in response to BPH infestation,
seedlings sown in 10-cm diameter plastic pots were sprayed with 1 uM BL,
10 uM BL, or 100 uM SA at the second-leaf stage. Infestation commenced
12 h after application of BL and SA.To investigate the effects of BL and SA
on BPH survival rate, plants at the three- to four-leaf stage were sprayed
with 1 uM BL, 10 uM BL, or 100 uM SA 12 h before infestation with
15 BPH nymphs per plant. The plants were sampled 24 h later for RNA
extraction and hormone measurement (SA and JA).

RNA extraction and qRT-PCR analysis

Total RNA was extracted from leaf sheaths of plants infested with
BPH for 0, 6, 12, and 24 h together with mock- and BL-treated plants.
A RNAprep Pure Plant Kit (Tiangen, Beijing) was used for RNA extrac-
tion. First-strand cDNA was reverse-transcribed from 1 pg of total RNA
using a PrimeScript 1st Strand ¢cDNA Synthesis Kit (TaKaRa, Japan).
Quantitative RT-PCR (qRT-PCR) was performed using a SYBR Premix
ExTaqTM kit (TaKaRa) on an ABI Prism 7500 Real-Time PCR System
according to the manufacturer’s instructions. The Actin gene was used
as the internal control. Primers used for qRT-PCR analysis are listed
in Supplementary Table S1 at JXB online. The experiment was repeated
with at least two biological replicates and three technical replicates.

Hormone measurements

The SA extracted from 0.1 g (FW) of leaf sheath of seedlings at 24 h after
BPH infestation was quantified using ADPWH_lux, a biosensor strain of
an Acinetobacter species, as described previously (Huang ef al., 2006; Wang
et al.,2014).

The levels of JA were determined by the Zoonbio Biotechnology
Co., Ltd (Nanjing, China). Approximately 0.2 g (FW) of leaf sheath from
BL-treated or mock-treated plants at 24 h after infestation with BPH
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were ground in a pre-cooled mortar that contained 2 ml extraction
buffer composed of isopropanol/hydrochloric acid (1000:1). The extract
was shaken at 4 °C for 30 min, then 4 ml dichloromethane was added,
and the sample was again shaken at 4 °C for 30 min and centrifuged
at 13 000 rpm for 5 min at the same temperature. The lower, organic
phase was then extracted, dried under N, dissolved in 400 pl methanol
(0.1% methane acid) and filtered with a 0.22-mm filter membrane. The
purified product was then subjected to HPLC-tandem mass spectrom-
etry (HPLC-MS/MS) analysis. HPLC analysis was performed using a
ZORBAX SB-C18 (Agilent Technologies) column (2.1 mm X 50 mm,
internal diameter 3.5 mm). The mobile phase-A solvents consisted of
methanol/0.1% methanoic acid, and the mobile phase-B solvents con-
sisted of ultrapure water/0.1% methanoic acid. The injection volume was
2 ml. MS conditions were as follows: the spray voltage was 4500 V; the
pressure of the air curtain, nebulizer, and aux gas were 15, 65, and 70 psi,
respectively; and the atomizing temperature was 400 °C.

Quantification of endogenous BRs (castasterone and 6-deoxocastaster-
one) was performed as described previously Ding et al. (2013). About 4 g
(FW) of seedling stems from plants at 24 h after BPH infestation were har-
vested for BR measurements, together with stems from uninfested controls.

Statistical analysis

One-way, two-way, and repeated-measures ANOVA tests, and binomial
exact tests were performed using IBM SPSS Statistics version 20 software
(SPSS Inc., Chicago, IL).

Results

BPH infestation inhibits the BR pathway and activates
the SA and JA pathways

To determine the role of BRs in rice defense against BPH,
transcript levels of BR pathway-related genes were determined
following BPH infestation. gqRT-PCR showed that expression
levels of the BR receptor BR INSENSITIVE 1 (BRI1) and the
BR signaling component BRASSINAZOLE RESISTANT 1
(BZR1) were decreased, especially at 24 h post-BPH infest-
ation (Fig. 1A). Similar expression patterns were also detected
for SLG and the BR-biosynthesis related genes D11 and D2
(Zhi et al.,2003;Tanabe, 2005; Feng et al.,2016).To confirm the
effect of decreased expression of BR biosynthesis-related genes
on the endogenous BR content, we analysed concentrations
in BPH-infested plants at 24 h post-infestation. As reported in
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Fig. 1. Effects of brown planthopper (BPH) infestation on the brassinosteroid (BR) pathway in rice. (A) Quantitative reverse-transcription PCR (gRT-PCR)
analysis of BR-related genes (OsBRI1, OsBZR1, D11, SLG, and D2) in rice. Leaf sheaths of 2-week-old Zhonghua 11 plants at 0, 6, 12, and 24 h after
infestation with BPH were used for analyses, with Actin as the internal reference gene. Data are means (+SD), n=3. The expression level at 0 h was set
as 1.0. Significant differences compared with the expression level at O h were determined by one-way ANOVA with post hoc contrasts by Tukey test:
*P<0.05. (B) Levels of castasterone (CS) and 6-deoxocastasterone (6-deoxoCS) in rice stems of non-infested and BPH-infested plants. Data are means
(+SD), n=8. Significant differences were determined by one-way ANOVA: *P<0.05.
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Chung and Choe (2013), rice plants do not show detectable
levels of BL; castasterone (CS) is most likely an end product in
rice, and 6-deoxocastasterone (6-deoxoCS) is a precursor for
CS.The CS concentration in stems of BPH-infested plants was
decreased compared with that in uninfested controls (0.23 ng
g ! versus 0.28 ng g ' FW) (Fig. 1B). In addition, the 6-deox-
oCS concentration in non-infested plants was 0.81 ng ¢! FW
while in infested plants it was 0.49 ng g”' FW (Fig. 1B). These
results indicated that the BR-dependent pathway was inhib-
ited by BPH feeding in rice.

As the SA and JA pathways have been widely shown
to have roles in defense responses of plants to insects
(Furstenberg-Higg et al., 2013; Aljbory and Chen, 2018),
genes related to these pathways were also investigated. As
shown in Supplementary Fig. STA, the SA biosynthetic genes
isochorismate synthase 1 (OsICS1) and phenylalanine ammonia-
lyases (OsPAL) were markedly induced by BPH at both 6
and 12 h post-infestation, followed by a decrease at 24 h.
Moreover, OsNH1 (a homolog of NONEXPRESSOR OF
PATHOGENESIS-RELATED GENES 1 in Arabidopsis)
and OsPR5 (a SA-responsive gene) were also slightly
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induced. Two JA biosynthesis-related genes, lipoxygenase
(OsLOXT) and allene oxide synthase (OsAOS2), were signifi-
cantly increased at 24 h post-infestation. Similar up-regulated
expression was also detected for the JA signaling-related genes
OsJAmyb and OsMYC2 (Supplementary Fig. S1B). Overall,
these results indicated that the BR pathway was inhibited by
BPH feeding. In contrast, the SA pathway was rapidly acti-
vated, followed by a decrease. The JA pathway was induced
following activation of the SA pathway, which was similar to
the results found in a previous study (Zhou et al., 2009).

BRs promote susceptibility to BPH infestation

In view of the significant suppression of the BR pathway
upon infestation, we aimed to determine the role of the path-
way in the response to BPH attack. A BR-overproducing
mutant, slg-D (Feng ef al., 2016), was chosen for evaluation
of BPH resistance and the results showed that it displayed a
markedly increased seedling mortality rate after infestation
with BPH for 5 d, up to 90% compared with 25% for the
WT (Fig. 2A, B). Moreover, BPH nymphs feeding on the
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Fig. 2. Brassinosteroids (BRs) promote susceptibility to brown planthopper (BPH) in rice. (A) A representative image and (B) seedling mortality rate (n=3)
of the wild-type (WT) Dongjin and the slg-D mutant at 5 d post-infestation. (C) Mean survival rate (n=10) of BPH nymphs feeding on Dongjin (WT) or slg-D
plants at 2, 4, 6, and 8 d after the start of the infestation. (D) A representative image and (E) seedling mortality rate (n=3) of the wild-type (WT) Nipponbare
and the m707 mutant at 5 d post-infestation. (F) Mean survival rate (n=10) of BPH nymphs feeding on Nipponbare (WT) or m707 plants at 2, 4, 6, and 8
d after the start of the infestation. (G) A representative image and (H) seedling mortality rate (n=4) of Zhonghua 11 plants after pre-treatment with a mock
solution, 1 pM, or 10 uM BL (24-epibrassinolide) applied to plant leaf sheaths for 12 h followed by BPH infestation for 5 d. (I) Mean survival rate (n=10)

of BPH nymphs feeding on Zhonghua 11 plants treated with BL or mock solution at 2, 4, 6, and 8 d after the start of the infestation. All data are means
(=SD). Significant differences were determined using a binomial exact test (B, E, H) or repeated-measures ANOVA with post hoc contrasts by Tukey'’s test

(C, F, I): *P<0.05, **P<0.01.
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mutant plants had higher survival rates than those feeding
on WT plants (Dongjin variety) (Fig. 2C). Preference tests
showed that the number of BPH nymphs on the mutant was
significantly higher than that on WT plants (Supplementary
Fig. S2A). To test whether higher BPH susceptibility was
caused by internal BR levels, another BR-excessive mutant,
m107 (Wan et al.,2009), was also evaluated. Like slg-D, m107
was also more susceptible to BPH than the equivalent WT
plants, and the BPH nymph mortality rate was significant
lower on the mutant compared with the WT (Fig. 2D-F).
In the preference tests, BPH nymphs were found more often
on m107 than on WT plants (Supplementary Fig. S2B).
A BR-deficient mutant, [hdd10 (Liu et al.,2016), and its W'T
(9311) were also evaluated for BPH response. As shown in
Supplementary Fig. S3, the BPH nymph survival rate was
significantly lower on the mutant in comparison with the
WT and the number of BPH on lhdd 10 was also significantly
lower than those on WT plants, with the result that [hdd10
was more resistant than the WT. Collectively, these results
implied that the increased endogenous BRs led to higher
BPH susceptibility, whereas increased resistance occurred
when the BR pathway was blocked.

Exogenous BR was applied to seedlings to determine whether
BRs negatively regulated the resistance. The mortality rates
observed in seedlings pre-treated with 24-epibrassinolide (both
1 uM and 10 uM) were significantly higher than the mock-
treated control at 5 d after BPH infestation (Fig. 2G, H). In add-
ition, BPH nymphs feeding on BL-treated plants had higher
survival rates than those feeding on control plants (Fig. 2I). These
results indicated that BRs promote susceptibility of rice to BPH.

BRs suppress the SA pathway in rice during BPH
infestation

Given that the BR-dependent pathway was inhibited while
the SA pathway was induced by BPH feeding (Fig. 1,
Supplementary Fig. S1A), we further assessed the relation-
ship between BRs and SA in response to BPH infestation. We
determined the expression levels of genes related to the SA
pathway in leaf sheaths of the BL-treated plants that had been
subjected to BPH infestation. The transcript levels of OsICS1
and OsPAL were clearly suppressed in BL-treated plants at
24 h post-infestation, but the levels of OsNH1 were not sig-
nificantly different from mock-treated plants (Fig. 3A). A sim-
ilar pattern was observed in the BR-overproducing mutant
(Supplementary Fig. S4A). In agreement with the decrease in
SA-related transcripts, SA levels were significantly reduced in
seedlings pre-treated with BL and in the BR-overproducing
plants at 24 h after BPH infestation, compared with the mock-
treated and WT plants (Fig. 3B, Supplementary Fig. S4B).
Conversely, transcript levels of OsICS1 and OsPAL as well as
SA concentrations were clearly increased in the lhdd 10 mutant
at 24 h post-infestation (Supplementary Fig. S4C, D). These
results suggested that suppression of SA might be responsi-
ble for the enhanced susceptibility to BPH in BL-treated and
BR-overproducing plants, and so we investigated the role of
SA in the plant response to BPH infestation. As shown in
Fig. 3C and Supplementary Fig. S5, the BPH nymphs feed-
ing on SA-treated plants had lower survival rates than those
feeding on mock-treated plants, and the mortality rate of
SA-treated plants was lower than that of mock plants. On the
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Fig. 3. Brassinosteroid (BR)-induced susceptibility to brown planthopper (BPH) involves suppression of salicylic acid (SA)-mediated defense. (A)
Transcript analysis of SA-related genes (OsICS7, OsPAL, and OsNH17) and (B) SA content in plants treated with either 24-epibrassinolide (BL) or a mock
solution. Zhonghua 11 plants (2 weeks old) were treated by spraying with either 10 uM BL or the mock solution. After 12 h, the plants were infested with
BPH for 24 h, and then the leaf sheaths were used for RNA extraction and SA measurement. Actin was used as an internal reference. (C) Mean survival
rate of BPH nymphs feeding on Zhonghua 11 plants spayed with 0.1 mM SA or a mock solution was recorded at 2, 4, 6, and 8 d after the start of the
infestation. (D) SA content of NahG and the wild-type (WT) without BPH infestation. (E) A representative image and (F) plant mortality rate of NahG and
the WT at 5 d after BPH infestation. (G) Mean survival rate (n=10) of BPH nymphs feeding on NahG and the WT at 2, 4, 6, and 8 d after the start of

the infestation. Data are means (+SD), n=3 in (A, B, D, F) and n=10in (C, G). Significant differences were determined using one-way ANOVA (A, B, D),
repeated-measures ANOVA (C, G) or a binomial exact test (F): “P<0.05, **P<0.01.
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Fig. 4. Brassinosteroids (BRs) induced the jasmonic acid (JA) pathway after brown planthopper (BPH) infestation. (A) Transcript analysis of JA-related
genes (OsLOX1, OsAOS2, and OsMYC2) in Zhonghua 11 plants treated with either 24-epibrassinolide (BL) or a mock solution. The expression level in
rice plants with treated with the mock solution was set as 1.0. (B) Levels of JA in rice stems of mock- and BL-treated plants at 24 h post-infestation.
Plants were treated by spraying with either 10 pM BL or a mock solution when they were 2 weeks old. After 12 h, the plants were infested with BPH
for 24 h, and then the leaf sheaths were used for RNA extraction and JA measurement. All data are means (+SD), n=3. Significant differences were

determined using one-way ANOVA: **P<0.01.

other hand, SA-deficient plants heterologously expressing the
bacterial salicylate hydroxylase gene (NahG) were more sensi-
tive to BPH infestation than the WT (Fig. 3D-G), indicating
a positive role of SA in response to BPH infestation. Our data
thus suggested that BRs negatively regulate BPH resistance
through suppressing the SA pathway in rice.

BRs induce the JA pathway in rice during BPH
infestation

In view of the opposite expression patterns of genes related
to the BR and JA pathways after BPH infestation (Fig. 1,
Supplementary Fig. S1B), we further investigated whether
BRs also suppressed the JA pathway. As shown in Fig. 4A, the
expression levels of JA-related genes (OsMYC2, OsAOS2, and
OsLOXT1) were unexpectedly increased at 24 h post-infestation
in BL-treated plants. In agreement with the increased expres-
sion of JA-related genes, the JA concentration in leaf sheath of
BL-treated plants was higher than that in mock-treated plants
(5.71 ng g ' versus 2.78 ng g ' FW).The three JA-related genes
were also induced in the BR overproducing plants while they
were suppressed in BR-deficient plants after BPH infestation
(Supplementary Fig. S6).Thus, BRs could induce the JA path-
way after BPH infestation.

BR-mediated suppression of the SA pathway after
BPH infestation depends on the JA pathway

Previous studies have shown that the JA and SA pathways act
in a mutually antagonistic manner (Zhou et al., 2009, 2014,
Thaler et al., 2012), and our study indicated that BRs could
suppress the SA pathway and activate the JA pathway. We
therefore that assumed the BR-mediated suppression of the
SA pathway might be associated with the JA pathway. To test
this, the JA-deficient mutant og? and JA-insensitive mutant
coi1-18 were used to investigate the effect of exogenous BR
on the SA pathway. Instead of suppressing the SA pathway
in the WT, inhibitory eftects of BRs on transcript levels of
OsICS1 and OsPAL were abolished in the og7 mutant at 24 h
after BPH infestation (Fig. 5A, B). Consistent with this result,

a decrease of SA levels was observed in WT plants after exog-
enous BR application followed by BPH infestation for 24 h,
but this decrease was eliminated in the o¢g7 mutant (Fig. 5C).
Like o¢1, BR-mediated suppression of the SA pathway also
was abolished in c0i1-18, and interestingly the expression lev-
els of OsPAL and OsICS1 as well as SA concentration were
increased in coi1-18 (Fig. 5D—F).These results collectively sug-
gested that suppression of the SA pathway by BRs might be
implemented through the JA pathway.

Discussion

BRs play an important role in the regulation of plant growth
and development, as well as in the response to pathogen infec-
tion, but their function in defense against insects has rarely
been investigated. Here, we addressed the question of whether
BRs are involved in defense responses to the phloem-feeding
insect the brown planthopper (BPH). In our studies, transcript
levels of BR-related genes as well as BR concentrations were
significantly decreased after BPH infestation (Fig. 1). In addi-
tion, the BR-overproducing mutants slg-D and m 107 showed
higher susceptibility to BPH, whereas BR-deficient lhdd10
mutant plants displayed pronounced resistance relative to the
WT (Fig. 2A-F, Supplementary Figs S2, S3). Exogenous BR
application also increased susceptibility to BPH (Fig. 2G-I).
These observations indicated that BRs are negative regulators
of innate immunity in plants, which follows the pattern seen in
previous studies that showed that BRs mediate susceptibility to
Pythium graminicola, rice black streaked dwarf virus, and Spodoptera
frugiperda (Campos et al., 2009; De Vleesschauwer et al., 2012;
He ef al., 2017). BRs have also been found to be positive
regulators of defense against the chewing herbivore Manduca
sexta and the cell-content feeder Thrips tabaci, which employ
very different feeding methods to the phloem-feeding BPH
(Yang et al., 2013; Miyaji et al., 2014). For example, silencing
BRI1 suppresses herbivory-elicited accumulation of jasmonic
acid-isoleucine and diterpene glycosides in Nicotiana attenuata,
resulting in impaired resistance to the insect herbivore M. sexta
(Yang et al., 2013). In Arabidopsis, BIL1/BZR-OX plants have
stronger resistance to insect feeding as a result of inducing the
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Fig. 5. Brassinosteroid (BR)-mediated suppression of salicylic acid (SA) depends on the jasmonic acid (JA) pathway in rice. (A, B, D, E) Following
treatment with either 24-epibrassinolide (BL) or a mock solution, genes involved in SA biosynthesis (Os/CS7 and OsFAL) were monitored in plants of

(A) the 9311 wild-type (WT) and (B) the JA-deficient mutant og7; and (D) the Nipponbare WT and (E) the JA-insensitive mutant coi7-78. Plants were
treated by spraying with either 10 uM BL or the mock solution when they were 2 weeks old. After 12 h, the plants were infested with BPH for 24 h and
then expression levels were determined. The expression level in plants with treated with the mock solution was set as 1.0. Data are means (+SD), n=3.
Significant differences between the BL- and mock-treated plants were determined using one-way ANOVA: *P<0.05, **P<0.01. (C, F) SA content in leaf
sheaths of (C) og7 and WT (9311) plants, and (F) coi1-18 and WT (Nipponbare) plants after treatment with either BL or a mock solution followed by BPH
infestation for 24 h. Data are means (+SD), n=3. Different letters indicate significant differences as determined by two-way ANOVA (P<0.05).

JA pathway (Miyaji et al., 2014). These studies indicate that
BRs can positively regulate JA-mediated resistance while neg-
atively regulating SA-mediated resistance.

SA is well known for its involvement in innate immune
defense against sap-sucking insects and has been reported to
associate with Bph14- and Bph29-mediated insect resistance
(Chaman et al., 2003, Du et al., 2009; Wang et al., 2015)). In
our study, we found that SA-related genes were up-regulated
by BPH attack (Supplementary Fig. S1A). SA-deficient plants
were more sensitive to BPH infestation than the WT, while
exogenous application of SA could enhance resistance to BPH
(Fig. 3C-G, Supplementary Fig. S5). Consistent with previous
studies (Wang et al., 2015b; Li et al., 2017), our results con-
firmed that SA plays a positive role in the defense response
to BPH. In addition, BR overproduction and exogenous BL
treatment down-regulated SA-related genes and reduced the
SA content while BR biosynthesis-deficient plants increased
both the SA concentration and the expression of SA-related
genes compared with WT plants after BPH infestation
(Fig. 3A, B, Supplementary Fig. S4), indicating that BRs pro-
moted susceptibility by inhibiting SA-mediated immunity to
BPH. Antagonistic relationships between BRs and SA during
pathogen infection have been investigated in a previous study,
which showed that BRs antagonized salicylate-mediated root
immunity by suppressing the transcript levels of OsNH1 (De
Vleesschauwer et al., 2012). However, our results indicated that
BRs did not actually affect OsNH1 transcript levels under
infestation conditions (Fig. 3A, Supplementary Fig. S4). These

discrepancies may be due to the different plant tissues (leaf
sheath versus roots) and biotic stresses (insects versus patho-
gens) used in these studies, and BR-mediated suppression of
the SA pathway was independent of OsNH1 after BPH feed-
ing, which needs to be further investigated.

Compared with the relatively good understanding of interac-
tions between BRs and JA in dicots in response to pathogens
and insect attack, information regarding their responses to insect
attack in monocots is limited. In contrast to previous findings
that have indicated negative effects of BRs on the SA pathway,
our data imply that BRs play a positive role in regulating the JA
pathway in response to BPH attack. Exogenous BR application
and endogenous overproduction of BRs induced the JA path-
way, while BR biosynthesis-deficient plants showed suppression
of the JA pathway after BPH infestation (Fig. 4, Supplementary
Fig. S6). This was consistent with a similar pattern of positive
regulation by BRs on the JA pathway that has been described
in dicots (Yang ef al., 2011, 2013). In Arabidopsis, JA signaling
pathways are constitutively activated in the BR-signaling dom-
inant mutant bil1-1D/bzr1-1D (Miyaji et al., 2014). Likewise,
silencing of BAK1 and BRIT results in decreased JA-Ile levels
in N. attenuata (Yang et al., 2011, 2013).

The antagonistic crosstalk between the SA and JA pathways
has been reported to modulate the defense response in rice (Yuan
et al., 2007; Zhou et al., 2009, 2014, De Vleesschauwer et al.,
2013). Exogenous application of JA can dramatically decrease
the SA content in rice, which suggests that JA can suppress the
SA pathway (Tamaoki et al.,2013). Our results showed that BR
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treatment increased the JA concentration while decreasing the
SA content, and the suppressive effect of BRs on the SA path-
way was eliminated in JA-deficient and JA-insensitive mutants
(Fig. 5), indicating that BR-dependent induction of JA might
contribute to the suppression of SA mediated by BRs. In com-
parison with the alleviation of BR-mediated suppression of SA
in og-1, we found that the SA pathway was actually induced
in the coil-18 mutant after BL treatment (Fig. 5). A possible
reason could be that, except for the canonical JA pathway,
there may exist an OsCOI1-dependent and biosynthesis-inde-
pendent pathway of suppression of SA mediated by BRs; this
hypothesis needs to be further tested. Although the antagonism
between SA and JA has been well described in plant biotic stress
responses (Thaler ef al., 2012), here we have determined for the
first time that the BR-mediated suppression of the SA pathway
can occur through the JA pathway.

Growth—defense trade-offs are thought to occur in plants
as a result of resource restrictions, and hormone crosstalk has
emerged as a major factor in the regulation of such trade-offs
(Huot et al., 2014). BRs are crucial regulators of plant growth
and in our study the BR pathway was clearly inhibited by
BPH feeding whereas the defense-related SA and JA pathways
were induced (Fig. 1, Supplementary Fig. S1), indicating that
the rice host plants might activate a defense response to BPH
infestation at the expense of reduced growth. This conclusion
is consistent with the findings of a previous study that auxin-,
gibberellin-, and BR -related genes were down-regulated while
the SA and JA pathways were activated in response to BPH
infestation (Wang et al., 2015a). Although the SA and JA path-
ways were induced upon BPH infestation, we also found that
the inductions of the two hormones were not simultaneous.
The transcript levels of genes related to the SA pathway were
moderately up-regulated at 6 h, their expression peaked at
about 12 h, and this was followed by a decrease at 24 h, whereas
genes related to the JA pathway were most significantly
induced at about 24 h after BPH infestation (Supplementary
Fig. S1). Similar transcript patterns of the SA and JA pathways
in response to BPH infestation have also been described in
previous studies (Du et al., 2009; Zhao et al., 2016).

In summary, we found that BRs positively regulated the JA
pathway while negatively regulating the SA pathway, which
resulted in increased susceptibility of rice plants to BPH. As a
defense mechanism against BPH attack, the BR pathway was
inhibited whilst the SA pathway was induced, which was fol-
lowed by activation of the BPH resistance response. Although
the underlying mechanisms of the molecular modulation of
the interactions between these hormones needs to be further
studied, our findings advance our knowledge of the mecha-
nisms involved in the resistance of plants to insect pests.

Supplementary data

Supplementary data are available at JXB online.
Table S1. Primers used for qRT-PCR analysis in this study.
Fig. S1. Expression patterns of genes related to the salicylic
acid and jasmonic acid pathways in rice in response to brown
planthopper infestation.

Fig. S2. Dynamic changes in brown planthopper popula-
tions on two rice BR-overproducing mutants and the wild-
types in a feeding preference experiment.

Fig. S3. Comparison of brown planthopper resistance in the
lhdd 10 mutant and its wild-type.

Fig. S4. Expression levels of genes related to salicylic acid
(SA) and quantification of SA content in rice BR mutants and
wild-types after brown planthopper infestation.

Fig. S5. Effect of exogenous salicylic acid treatment on rice
defense against brown planthopper.

Fig. S6. Expression levels of genes related to jasmonic acid
in rice BR mutants and wild-types after brown planthopper
infestation.

Acknowledgments

This work was supported by the National Key Research Program
(2016YFDO0100600), NSFC (31522039, 31471470), Natural Science
Foundation of Jiangsu Province of China (BK20150026), National Key
Transformation Program (2014ZX08001-001), and the Fundamental
Research Funds for the Central Universities (KJYQ201602). We
owe special thanks to Professor G. An (Department of Plant Systems
Biotech, Kyung Hee University, Korea) for providing the slg-D lines,
to Professor Chencai Chu (Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences, Beijing) for providing the
m107 and NahG lines, to Professor Donglei Yang (Nanjing Agricultural
University, Nanjing) for kindly providing coi1-18, and to Dr Hui Wang
(Natural Environment Research Council/Centre for Ecology and
Hydrology-Oxford, Oxford, UK) for providing the SA biosensor strain
Acinetobacter sp. ADPWH_Iux and for technical assistance with the SA
measurements. We also acknowledge support from the Key Laboratory
of Biology, Genetics and Breeding of Japonica Rice in Mid-lower
Yangtze River, Ministry of Agriculture, PR. China, and from Jiangsu
Collaborative Innovation Center for Modern Crop Production.

References

Albrecht C, Boutrot F, Segonzac C, Schwessinger B, Gimenez-
Ibanez S, Chinchilla D, Rathjen JP, de Vries SC, Zipfel C. 2012.
Brassinosteroids inhibit pathogen-associated molecular pattern-triggered
immune signaling independent of the receptor kinase BAK1. Proceedings
of the National Academy of Sciences, USA 109, 303-308.

Aljbory Z, Chen MS. 2018. Indirect plant defense against insect herbivores:
a review. Insect Science 25, 2-23.

Belkhadir Y, Jaillais Y, Epple P, Balsemao-Pires E, Dangl JL, Chory J.
2012. Brassinosteroids modulate the efficiency of plant immune responses
to microbe-associated molecular patterns. Proceedings of the National
Academy of Sciences, USA 109, 297-302.

Campos ML, de Almeida M, Rossi ML, Martinelli AP, Litholdo Junior
CG, Figueira A, Rampelotti-Ferreira FT, Vendramim JD, Benedito VA,
Peres LE. 2009. Brassinosteroids interact negatively with jasmonates in the
formation of anti-herbivory traits in tomato. Journal of Experimental Botany
60, 4347-4361.

Chaman ME, Copaja SV, Argandoina VH. 2003. Relationships between
salicylic acid content, phenylalanine ammonia-lyase (PAL) activity, and
resistance of barley to aphid infestation. Journal of Agricultural and Food
Chemistry 51, 2227-2231.

Chen H, Xue L, Chintamanani S, et al. 2009. ETHYLENE INSENSITIVE3
and ETHYLENE INSENSITIVE3-LIKET repress SALICYLIC ACID INDUCTION
DEFICIENT2 expression to negatively regulate plant innate immunity in
Arabidopsis. The Plant Cell 21, 2527-2540.

Chung Y, Choe S. 2013. The regulation of brassinosteroid biosynthesis in
Arabidopsis. Critical Reviews in Plant Sciences 6, 396-410.

De Vleesschauwer D, Gheysen G, Hofte M. 2013. Hormone defense
networking in rice: tales from a different world. Trends in Plant Science 18,
555-565.


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/ery223#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/ery223#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/ery223#supplementary-data

Brassinosteroids and rice defense against brown planthopper | 4441

De Vleesschauwer D, Van Buyten E, Satoh K, Balidion J, Mauleon
R, Choi IR, Vera-Cruz C, Kikuchi S, Hofte M. 2012. Brassinosteroids
antagonize gibberellin- and salicylate-mediated root immunity in rice. Plant
Physiology 158, 1833-1846.

Ding J, Mao LJ, Wang ST, Yuan BF, Feng YQ. 2013. Determination of
endogenous brassinosteroids in plant tissues using solid-phase extraction with
double layered cartridge followed by high-performance liquid chromatography-
tandem mass spectrometry. Phytochemical Analysis 24, 386-394.

Du B, Zhang W, Liu B, et al. 2009. |dentification and characterization
of Bph14, a gene conferring resistance to brown planthopper in rice.
Proceedings of the National Academy of Sciences, USA 106, 22163-22168.

Feng Z, Wu C, Wang C, et al. 2016. SLG controls grain size and leaf angle
by modulating brassinosteroid homeostasis in rice. Journal of Experimental
Botany 67, 4241-4253.

Fiirstenberg-Hagg J, Zagrobelny M, Bak S. 2013. Plant defense
against insect herbivores. International Journal of Molecular Sciences 14,
10242-10297.

Guo J, Xu C, Wu D, et al. 2018. Bph6 encodes an exocyst-localized
protein and confers broad resistance to planthoppers in rice. Nature
Genetics 50, 297-306.

He Y, Zhang H, Sun Z, Li J, Hong G, Zhu Q, Zhou X, MacFarlane
S, Yan F, Chen J. 2017. Jasmonic acid-mediated defense suppresses
brassinosteroid-mediated susceptibility to rice black streaked dwarf virus
infection in rice. New Phytologist 214, 388-399.

Huang WE, Huang L, Preston GM, Naylor M, Carr JP, Li Y, Singer
AC, Whiteley AS, Wang H. 2006. Quantitative in situ assay of salicylic
acid in tobacco leaves using a genetically modified biosensor strain of
Acinetobacter sp. ADP1. The Plant Journal 46, 1073-1083.

Huot B, Yao J, Montgomery BL, He SY. 2014. Growth-defense tradeoffs
in plants: a balancing act to optimize fithess. Molecular Plant 7, 1267-1287.

Jena KK, Jeung JU, Lee JH, Choi HC, Brar DS. 2006. High-resolution
mapping of a new brown planthopper (BPH) resistance gene, Bph18(t),
and marker-assisted selection for BPH resistance in rice (Oryza sativa L.).
Theoretical and Applied Genetics 112, 288-297.

JiH, Kim SR, Kim YH, et al. 2016. Map-based cloning and characterization
of the BPH18 gene from wild rice conferring resistance to brown planthopper
(BPH) insect pest. Scientific Reports 6, 34376.

Li C, Luo C, Zhou Z, Wang R, Ling F, Xiao L, Lin Y, Chen H. 2017. Gene
expression and plant hormone levels in two contrasting rice genotypes
responding to brown planthopper infestation. BMC Plant Biology 17, 57.

Li J, Brader G, Palva ET. 2004. The WRKY70 transcription factor: a node
of convergence for jasmonate-mediated and salicylate-mediated signals in
plant defense. The Plant Cell 16, 319-331.

Li X, Wang Y, Duan E, et al. 2018. OPEN GLUMET1: a key enzyme
reducing the precursor of JA, participates in carbohydrate transport of
lodicules during anthesis in rice. Plant Cell Reports 37, 329-346.

Liu W, Wang G. 2016. Plant innate immunity in rice: a defense against
pathogen infection. National Science Review 3, 295-308.

Liu X, Feng ZM, Zhou CL, Ren YK, Mou CL, Wu T, Yang CY, Liu SJ,
Jiang L, Wan JM. 2016. Brassinosteroid (BR) biosynthetic gene /hdd70
controls late heading and plant height in rice (Oryza sativa L.). Plant Cell
Reports 35, 357-368.

Liu Y, Wu H, Chen H, et al. 2015. A gene cluster encoding lectin receptor
kinases confers broad-spectrum and durable insect resistance in rice.
Nature Biotechnology 33, 301-305.

Lorenzo O, Chico JM, Sanchez-Serrano JJ, Solano R. 2004.
JASMONATE-INSENSITIVET encodes a MYC transcription factor essential
to discriminate between different jasmonate-regulated defense responses in
Arabidopsis. The Plant Cell 16, 1938-1950.

Miyaji T, Yamagami A, Kume N, Sakuta M, Osada H, Asami T, Arimoto
Y, Nakano T. 2014. Brassinosteroid-related transcription factor BIL1/BZR1
increases plant resistance to insect feeding. Bioscience, Biotechnology, and
Biochemistry 78, 960-968.

Mohase L, van der Westhuizen AJ. 2002. Salicylic acid is involved in
resistance responses in the Russian wheat aphid—wheat interaction. Journal
of Plant Physiology 159, 585-590.

Nahar K, Kyndt T, Hause B, Hofte M, Gheysen G. 2013. Brassinosteroids
suppress rice defense against root-knot nematodes through antagonism
with the jasmonate pathway. Molecular Plant-Microbe Interactions 26,
106-115.

Normile D. 2008. Reinventing rice to feed the world. Science 321, 330-333.

Ren J, Gao F, Wu X, Lu X, Zeng L, Lv J, Su X, Luo H, Ren G. 2016.
Bph32, a novel gene encoding an unknown SCR domain-containing
protein, confers resistance against the brown planthopper in rice. Scientific
Reports 6, 37645.

Rossi M, Goggin FL, Milligan SB, Kaloshian I, Ullman DE, Williamson
VM. 1998. The nematode resistance gene Mi of tomato confers resistance
against the potato aphid. Proceedings of the National Academy of Sciences,
USA 95, 9750-9754

Shim JS, Jung C, Lee S, Min K, Lee YW, Choi Y, Lee JS, Song JT,
Kim JK, Choi YD. 2013. AtMYB44 regulates WRKY70 expression and
modulates antagonistic interaction between salicylic acid and jasmonic acid
signaling. The Plant Journal 73, 483-495.

Spoel SH, Koornneef A, Claessens SM, et al. 2003. NPR1 modulates
cross-talk between salicylate- and jasmonate-dependent defense pathways
through a novel function in the cytosol. The Plant Cell 15, 760-770.

Tamaoki D, Seo S, Yamada S, Kano A, Miyamoto A, Shishido H,
Miyoshi S, Taniguchi S, Akimitsu K, Gomi K. 2013. Jasmonic acid and
salicylic acid activate a common defense system in rice. Plant Signaling &
Behavior 8, e24260.

Tamura Y, Hattori M, Yoshioka H, Yoshioka M, Takahashi A, Wu J,
Sentoku N, Yasui H. 2014. Map-based cloning and characterization of a
brown planthopper resistance gene BPH26 from Oryza sativa L. ssp. indica
cultivar ADR52. Scientific Reports 4, 5872.

Tanabe S, Ashikari M, Fujioka S, et al. 2005. A novel cytochrome P450
is implicated in brassinosteroid biosynthesis via the characterization of a
rice dwarf mutant, dwarf11, with reduced seed length. The Plant Cell 17,
776-790.

Tang J, Zhu X, Wang Y, Liu L, Xu B, Li F, Fang J, Chu C. 2011. Semi-
dominant mutations in the CC-NB-LRR-type R gene, NLS7, lead to
constitutive activation of defense responses in rice. The Plant Journal 66,
996-1007.

Thaler JS, Humphrey PT, Whiteman NK. 2012. Evolution of jasmonate
and salicylate signal crosstalk. Trends in Plant Science 17, 260-270.

Tong H, Chu C. 2012. Brassinosteroid signaling and application in rice.
Journal of Genetics and Genomics 39, 3-9.

Tong H, Liu L, Jin Y, Du L, Yin Y, Qian Q, Zhu L, Chu C. 2012. DWARF
AND LOW-TILLERING acts as a direct downstream target of a GSKS8/
SHAGGY-like kinase to mediate brassinosteroid responses in rice. The Plant
Cell 24, 2562-2577.

Wan S, Wu J, Zhang Z, et al. 2009. Activation tagging, an efficient tool for
functional analysis of the rice genome. Plant Molecular Biology 69, 69-80.

Wang F, Ning D, Chen Y, Dang C, Han NS, Liu Y, Ye GY. 2015a.
Comparing gene expression profiles between Bt and non-Bt rice in response
to brown planthopper infestation. Frontiers in Plant Science 6, 1181.

Wang Q, Liu Y, He J, et al. 2014. STV11 encodes a sulphotransferase
and confers durable resistance to rice stripe virus. Nature Communications
5, 4768.

Wang Y, Cao L, Zhang Y, Cao C, Liu F, Huang F, Qiu Y, Li R, Lou X.
2015b. Map-based cloning and characterization of BPH29, a B3 domain-
containing recessive gene conferring brown planthopper resistance in rice.
Journal of Experimental Botany 66, 6035-6045.

Wasternack C, Hause B. 2013. Jasmonates: biosynthesis, perception,
signal transduction and action in plant stress response, growth and
development. An update to the 2007 review in Annals of Botany. Annals of
Botany 111, 1021-1058.

Wu H, Liu Y, He J, Liu Y, Jiang L, Liu L, Wang C, Cheng X, Wan J. 2014.
Fine mapping of brown planthopper (Nilaparvata lugens Stal) resistance
gene Bph28(t) in rice (Oryza sativa L.). Molecular Breeding 33, 909-918

Wu Y, Fu Y, Zhao S, Gu P, Zhu Z, Sun C, Tan L. 2016. CLUSTERED
PRIMARY BRANCH 1, a new allele of DWARF11, controls panicle
architecture and seed size in rice. Plant Biotechnology Journal 14, 377-386.

Yang DH, Baldwin IT, Wu J. 2013. Silencing Brassinosteroid receptor BRI1
impairs herbivory-elicited accumulation of jasmonic acid-isoleucine and
diterpene glycosides, but not jasmonic acid and trypsin proteinase inhibitors
in Nicotiana attenuata. Journal of Integrative Plant Biology 55, 514-526.
Yang DH, Hettenhausen C, Baldwin IT, Wu J. 2011. BAK1 regulates the
accumulation of jasmonic acid and the levels of trypsin proteinase inhibitors
in Nicotiana attenuata’s responses to herbivory. Journal of Experimental
Botany 62, 641-652.



4442 | Panetal.

Yang DL, Yao J, Mei CS, et al. 2012. Plant hormone jasmonate
prioritizes defense over growth by interfering with gibberellin signaling
cascade. Proceedings of the National Academy of Sciences, USA 109,
E1192-E1200.

Ye M, Luo SM, Xie JF, Li YF, Xu T, Liu Y, Song YY, Zhu-Salzman K,
Zeng RS. 2012. silencing COI7 in rice increases susceptibility to chewing
insects and impairs inducible defense. PLoS ONE 7, e36214.

Yuan Y, Zhong S, Li Q, et al. 2007. Functional analysis of rice NPR1-like
genes reveals that OsNPR1/NH1 is the rice orthologue conferring disease
resistance with enhanced herbivore susceptibility. Plant Biotechnology
Journal 5, 313-324.

Zhao Y, Huang J, Wang Z, et al. 2016. Allelic diversity in an NLR gene
BPH9 enables rice to combat planthopper variation. Proceedings of the
National Academy of Sciences, USA 113, 12850-12855.

ZhiH, Ueguchi-Tanaka M, UmemuraKk, et al.2003. Arice brassinosteroid-
deficient mutant, ebisu dwarf (d2), is caused by a loss of function of a new
member of cytochrome P450. The Plant Cell 115, 2900-2910.

Zhou G, Qi J, Ren N, Cheng J, Erb M, Mao B, Lou Y. 2009. Silencing
OsHI-LOX makes rice more susceptible to chewing herbivores, but
enhances resistance to a phloem feeder. The Plant Journal 60, 638-648.

Zhou G, Ren N, Qi J, Lu J, Xiang C, Ju H, Cheng J, Lou Y. 2014. The
9-lipoxygenase Osr9-LOX1 interacts with the 13-lipoxygenase-mediated
pathway to regulate resistance to chewing and piercing-sucking herbivores
in rice. Physiologia Plantarum 152, 59-69.

Zhu X, Liang W, Cui X, Chen M, Yin C, Luo Z, Zhu J, Lucas WJ, Wang
Z, Zhang D. 2015. Brassinosteroids promote development of rice pollen
grains and seeds by triggering expression of Carbon Starved Anther, a MYB
domain protein. The Plant Journal 82, 570-581.



